The weak impact properties of carbon fiberreinforced plastics (CFRPs) are due to their laminated structure, thus limiting the use of these materials in various automotive applications even though they provide weight savings as compared with metal materials. In this study, core shell rubbers (CSRs), which are known for their excellent dispersion characteristics, were selected as an impact modifier and CFRPs incorporated with CSRs were fabricated using the vacuum-assisted resin transfer molding process to enhance their impact properties. CFRPs with highly reinforced carbon fibers of 72-74 wt.% were prepared without voids as confirmed by morphological and thermogravimetric data. The impact strength of the CFRPs was improved by up to 87.5%, depending on the increase in CSR content, but their tensile properties were not reduced, indicating that these properties were predominantly determined by the continuous reinforcement of carbon fibers. Therefore, CSRs are an effective impact modifier for improving the impact properties of CFRPs. These findings will help in increasing the use of CFRPs as automotive structural materials.
Introduction
Worldwide interest in energy savings has been heightened by issues such as the exhaustion of fossil fuels, the phenomenon of global warming and the reduction of carbon dioxide emissions. Following this trend, weight savings in automobile design to improve automobile fuel efficiency have become one of the most important issues in the automobile industry (1, 2) . One of the significant trends in these weight-saving efforts has been the application of lightweight carbon fiber-reinforced plastics (CFRPs) with excellent mechanical properties as automotive materials. CFRPs provide weight-reduction effects of approx. 30% and 50% as compared with the use of aluminum and steel materials, respectively (3). However, CFRPs have weak impact properties owing to their laminated structure, limiting their use in various automotive applications (4) .
Modification of epoxy resin is required in order to improve the impact properties of CFRPs. Numerous studies have been reported on methods of toughening the epoxy matrix. Epoxy toughening with carboxyl terminated butadiene acrylonitrile (CTBN) was predominantly studied in the 1970s (5, 6) . Epoxy toughening using core shell rubbers (CSRs) was reported in the 1990s (7) (8) (9) . Silica nanoparticles were used for epoxy toughening in the 2000s (10, 11) . Recent studies have focused on the multiple uses of silica nanoparticles and rubber particles for the simultaneous improvement of tensile and impact properties (12, 13) . Kinloch et al. (14) studied the microstructure and fracture behavior of epoxy with CTBN. Giannakopoulos et al. (15) derived an epoxy-toughening method using CSR particles. Chen et al. (16) reported the high dispersion characteristics of nanosilica particles in an epoxy composite and the enhanced mechanical properties of the composite. The high toughness and rigidity, and the excellent fatigue performance of epoxy composites simultaneously incorporated with rubber particles and surface-treated silica nanoparticles were discussed by Sprenger (17) .
A number of studies have investigated the important physical factors and mechanisms by which rubber impact modifiers enhance the impact strength of polymer matrices (18, 19) . In particular, the studies identified rubber concentration, particle size, rubber type and distribution of particles as significant factors. Gaymans et al. (20) performed an experiment showing the effect of rubber particle size on the impact strength of composites. Rubber particles of size 0.2-0.6 μm efficiently increased the impact strength. The studies also confirmed that resin toughening could be achieved by the incorporation of a rubber impact modifier.
When a rubber impact modifier is embedded in the polymer matrix, it is well known that impact strength is improved by three mechanisms, as shown in Figure 1  (21, 22) . Firstly, the impact strength of the composite materials is improved by energy consumption when the rubber phase deforms with the delivered impact energy. Secondly, the cavity formed inside the core of the rubber-like composition of the impact modifier upon impact also dissipates the impact energy and leads to improved impact strength. Thirdly, small dispersed particles uniformly serve as crack terminators to stop crack growth.
In this study, CSRs, which are known for their excellent dispersion characteristics, were selected as the impact modifier and CFRPs incorporated with CSRs were fabricated using the vacuum-assisted resin transfer molding (VARTM) process to enhance their impact properties. The impact and tensile properties of the prepared composites were evaluated.
Experimental

Materials
Carbon fabric woven (NR74, Hankuk Carbon, Gyeongnam, Korea) consisting of carbon fiber (CF) of T-700 grade was used as the reinforcement. The density of the reinforcement was 1.82 g/m 3 , and the areal weight of the CF fabric used was 123.1 g/m 2 . A bisphenol F-type liquid epoxy resin (YDF-170, Kukdo, Seoul, Korea) was used as the matrix. The resin showed excellent mechanical, adhesive and electrical properties as well as outstanding chemical resistance. The equivalent value of the epoxy resin was 170 g/eq.
The applied impact modifier (MX-136, Kaneka, Tokyo, Japan) was a latex-type toughening agent with 25 wt.% CSRs consisting of a core-shell structure, such as a core of polybutadiene and a shell of the designed polymer compatible with the polybutadiene and bisphenol F-type epoxy polymer. When the impact modifier was mixed with the epoxy resin, degradation of the physical properties of the base matrix was minimized owing to the excellent dispersion and compatibility, stemming from the unique structure of the material. The average particle size was 100 nm, and the equivalent value of the impact modifier was 217 g/eq. The curing agent used was powder-type diaminodiphenylsulfone (Seechem International, Seoul, Korea) based on aromatic polyamine. The material showed high heat distortion temperature, and this resulted in the favorable characteristic of the epoxy resin, maintaining strength at high temperature.
Fabrication of the composites
The VARTM process was applied to fabricate the composites using the continuous carbon fabric and impact modifier, as shown in Figure 2 . First of all, the epoxy resin and the CSR impact modifier were mixed with the target weight fraction and then the curing agent was added according to the equivalent weight fraction. The mixture was treated by ultrasonication for 1 h in order to achieve uniform dispersion, and then defoamation was performed to remove the voids inside the ultrasonicated mixture. The CSR loadings were varied with five target weight fractions, i.e. 3.8, 7.5, 11.3, 15.0 and 19.4 wt.% of CSRs in the mixture.
A stainless steel plate was rinsed with acetone and then coated with a release agent (Safelese 30, Airtech, Huntington Beach, CA, USA) to separate the prepared composites. Polyimide film (CH500, Changshu Huaqiang Insulating Materials Co. Ltd., Changshu Jiangsu, China) was attached on the upside face of the plate and then cut carbon fabrics were stacked while considering the thickness of the final composite specimens. The prepared materials were covered with a release cloth material (Bleeder Lease B, Airtech), and then the resin distribution medium (Greenflow 75, Airtech) was laid on it to improve the fluidity of the matrix materials. The sample was sealed with a vacuum film (WL7400, Airtech) and a sealant tape (AT200Y, Airtech) in order to isolate it from outside air. The epoxy mixture was poured into a preform by means of a vacuum pump at -85 kPa of pressure. After the impregnation was completed, the inflow of extra mixture was moved to a resin trap through a vacuum hose. The prepared VARTM specimens were shut off from outside air using clamps, and the CFRPs were cured in two step cycles, i.e. 60 min at 150°C and 150 min at 180°C.
Mechanical properties
A specimen was prepared in accordance with the ASTM D256 standard, and an impact test was performed using Figure 5 shows the impact strength of the CFRP specimens with respect to the loading of the incorporated CSR impact modifier. The impact strength was increased with increasing CSR contents, and the increase of CSRs in the CFRP specimens can be confirmed in the highmagnification images of Figure 4 . The strength of CFRP incorporated with the epoxy mixture including CSRs of 19.4 wt.% was improved by up to 87.5% when compared with that of CFRP incorporated with the epoxy mixture excluding CSRs. These results indicated that the incorporated CSRs acted as an impact load absorption material and a crack terminator, as previously mentioned in Figure 1 .
The average tensile strength and modulus of the prepared CFRPs are listed in Table 2 . It is well known that the tensile strength of composites incorporated with a rubbertype impact modifier is reduced (15) . However, the tensile properties of the fabricated CFRPs were not significantly reduced regardless of the incorporated CSR loadings. This result indicates that the reinforcing effect of carbon fabric was more important than that of CSRs and was the dominant physical factor in determining the tensile properties of the toughened CFRPs.
an Izod impact test machine (Model 892, Tinius Olsen, Horsham, PA, USA) to evaluate the impact strength of the composites. After attaching the strain gauge to the prepared specimen, a tensile test was carried out using a universal testing machine (Instron 5585h, Instron Co., Norwood, MA, USA) according to the ASTM D3039 standard, with a displacement control of 2.0 mm/min to obtain the tensile strength and modulus. The dimensions of the impact and tensile specimens are summarized in Table 1 .
At least five specimens were tested.
Characterization
The prepared CFRP specimens were polished using a polishing equipment (TegraPol-15, Struers, Ballerup, Denmark) to lower the undulations of the cross section of the samples and to improve the clarity of cross-section microscopic images. The cross section was observed using an optical microscope (Ni-U, Nicon, Tokyo, Japan) at × 4 magnification. For precise observation at higher magnification, the prepared specimens were coated with platinum for 150 s in a vacuum using a platinum coating machine (Ion Sputter E-1030, Hitachi High Technologies Corp., Tokyo, Japan) and then the cross section was analyzed using a scanning electron microscope (Hitachi S4700, Hitachi High Technologies Corp.). Fracture surfaces of the tensile specimens were also observed using a scanning electron microscope after the tensile test.
The CF content of the CFRPs was analyzed by thermogravimetric analysis (TGA; Q50, TA Instrument, New Castle, DE, USA) in N 2 atmosphere at a temperature range of 40°C-900°C, with a heating rate of 10°C/min.
Results and discussion
The mechanical properties of the CFRPs strongly depend on the pores and CF loading inside the composites, on the properties of the interface between the reinforcing CF and the matrix resin, and on the mechanical properties of the base materials. Optical microscopy (OM) and scanning electron microscopy (SEM) cross-sectional images for the tensile specimens are shown in Figures 3 and 4 , respectively. CFs reinforced with a woven fabric form were observed clearly in the cross-sectional images, maintaining their original configuration of arrays and turns in horizontal and vertical directions. The microscopic results confirmed that the reinforcements were fully impregnated with the epoxy mixtures with few voids. SEM images of the fracture surface of CFRP tensile specimens after the tensile testing are shown in Figure 6 . Complex breakages such as matrix cracking, delamination, fiber-matrix debonding and fiber breakage were observed owing to the three-dimensional structure of the incorporated carbon fabric (23) . In particular, observation of the fiber breakage suggested that the external tensile load was efficiently transferred to the CF reinforcements and that an excellent interface between the carbon fibers and the matrix materials was generated. Figure 7 shows the result of the TGA, which analyzed the composition of the CFRP specimens. The TGA result confirmed that carbon fibers of approx. 72 to 74 wt.% were embedded in the fabricated CFRPs. The high content of CFs in the CFRPs was one of the reasons for the excellent impact and tensile properties.
Conclusion
CSRs, which are known for their excellent dispersion characteristics, were selected as an impact modifier, and CFRPs incorporated with CSRs were fabricated using the VARTM process to enhance their impact properties. Excellent impregnation was confirmed by the OM and SEM cross-section images of the fabricated CFRPs. The impact strength of the CFRPs was improved by the toughening mechanisms of the rubber impact modifier based on CSR loading. The tensile properties of the fabricated CFRPs were not significantly reduced regardless of the incorporated CSR loadings because the reinforcing effect of the carbon fabric was more important than that of the CSRs and was the predominant physical factor in determining the tensile properties of the toughened CFRPs. An excellent interface was generated that was able to effectively transfer the external load between the CFs and the matrix, which resulted in multiple fracture and fiber breakage of the tensile specimens after the tensile test. The excellent impact and tensile properties were achieved because of both the excellent interface property and the high content of CFs in the CFRPs as analyzed by TGA.
